P
reviously, we devised a metric termed the global imbalance value (GIV) to evaluate how mutagenic damage affects sequencing accuracy (1) . We showed that mutagenic damage is pervasive in public sequencing datasets and confounds the identification of somatic variants with low to moderate (1 to 5%) allelic frequency. Following our publication, the principle of global imbalance was incorporated by the International Cancer Genome Consortium (ICGC) as one of five measures used to construct a quality rating for each cancer genome (2). Stewart et al. (3) reaffirm the presence of sequencing errors derived from damage in raw sequencing reads (1, (4) (5) (6) , but they question the relevance of these errors in downstream analysis. Many of their points can be distilled down to whether (i) sequencing datasets with a GIV score greater than 2 can affect the output of mutation callers, and (ii) measures have been taken since 2012 to mitigate these errors. Stewart et al. also claim (iii) that the default cutoff chosen in our paper led to incorrect conclusions related to the context specificity of oxidative damage-induced errors. We address these points in order.
i) DNA damage affects mutation-calling pipelines: Responding to whether damage affects downstream analysis, we examined whether damage-induced errors can be detected in mutation calls generated using standard approaches. For this, we downloaded VCF files generated in 2016 using MuTect (7) from the TCGA data portal (https://portal.gdc.cancer.gov/) and examined whether the fraction of G:C > T:A point mutations can be correlated with the estimated level of damage in the corresponding sequencing runs.
We observed an overall increase in the fraction of G:C > T:A mutations from a median of
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Overall fraction of GC > TA in variant files (PASS mutations) 8.9% in cancer samples with no or low levels of damage (GIV G_T < 2) to a median of 15.3% in samples that were damaged (GIV G_T > 2) (Fig. 1A) .
Restricting the analysis to only the MuTect PASS mutations (7) that represent the most confident set of mutations, we found an overall increase in the fraction of G:C > T:A mutations from a median of 16.8% to a median of 20.0% in damaged samples (Fig. 1B) . This increase in the fraction of G:C > T:A mutations for damaged samples is observable even for moderately damaged samples (1.5 < GIV G_T < 2.5) (Fig. 1, C and D) . Collectively, this demonstrates that standard mutation callers are affected by damage-induced errors, even in analysis pipelines from 2016. ii) Damage can be found post-2012: Stewart et al. assert that the effects of oxidative damage on sequencing data were known and mitigated after 2012 (3). Although we cite the study accordingly, we note that they did not consider broad mutagenic damage in key public databases, nor is their claim of full mitigation supported by the mean GIV scores from samples of TCGA datasets from 2010 to 2015 (Table 1) . Our findings indicate that artifacts consistent with DNA damage are present in these databases irrespective of the sequencing date.
iii) G-to-T transversion consistent with 8-oxodeoxyguanosine (8-oxo-dG) damage can be found in all sequence contexts: Stewart et al. found that the CCG > CAG context specificity is a feature of oxidative damage of dG and is essential for mutation signature analysis (4) . In contrast, we reported that a G-to-T imbalance indicative of damage is present regardless of the preceding or succeeding nucleotide. Stewart et al. claim that this divergence was due to a default cutoff (base quality threshold Q > 30) (8, 9) , which would eliminate most of the data in highly damaged samples, and they conclude that the oxidative damage of dG lacks context specificity. We therefore used the cutoff suggested by Stewart et al., reanalyzed our previously reported in-house sequencing runs, and again found evidence of damage-induced errors in all sequence contexts ( Fig. 2A) .
Extending our study to public sequencing datasets using a more quantitative measurement of damage, we observed an increase in the overall fraction of G-to-T transversions in damaged samples irrespective of sequence context (Fig. 2B) . Furthermore, some samples had a greater increase in the fraction of G-to-T transversions when a purine was located 3′ to the dG. Thus, the CCG > CAG context observed by Stewart et al. represents only a subset of errors from oxidative damage.
We value the cross-examination of our scientific work, as it has strengthened some of our earlier statements and refined others. Damage-induced sequencing errors are pervasive; we estimated that for 73% of TCGA sequencing runs analyzed in our paper, >50% of G-to-T raw read variants correspond to damage (GIV G_T > 2 Fraction of G to T transversion in TCGA sequencing reads (R1) in all 16 contexts A B 1.5 < GIV < 2.5 2.5 < GIV < 4 GIV > 4 GIV < 1.5 1.5 < GIV < 2.5 2.5 < GIV < 4 GIV > 4 GIV < 1.5 1.5 < GIV < 2.5 2.5 < GIV < 4 GIV > 4 GIV < 1.5 1.5 < GIV < 2.5 2.5 < GIV < 4 GIV > 4 GIV < 1.5 1.5 < GIV < 2.5 2.5 < GIV < 4 GIV > 4 GIV < 1.5 1.5 < GIV < 2.5 2.5 < GIV < 4 GIV > 4 GIV < 1.5 1.5 < GIV < 2.5 2.5 < GIV < 4 GIV > 4 GIV < 1.5 1.5 < GIV < 2.5 2.5 < GIV < 4 GIV > 4 GIV < 1.5 1.5 < GIV < 2.5 2.5 < GIV < 4 GIV > 4 GIV < 1.5 1.5 < GIV < 2.5 2.5 < GIV < 4 GIV > 4 GIV < 1.5 1.5 < GIV < 2.5 2.5 < GIV < 4 GIV > 4 GIV < 1.5 1.5 < GIV < 2.5 2.5 < GIV < 4 GIV > 4 GIV < 1.5 1.5 < GIV < 2.5 2.5 < GIV < 4 GIV > 4 GIV < 1.5 1.5 < GIV < 2.5 2.5 < GIV < 4 GIV > 4 GIV < 1.5 1.5 < GIV < 2.5 2.5 < GIV < 4 GIV > 4 GIV < 1.5 1.5 < GIV < 2. this level of damage is extensive, based on the fact that damage accounts for only a fraction of the overall error rate. However, contrary to intrinsic errors, damage-induced errors such as 8-oxo-dG consistently produce the same error type (in this case, G to T) even at high Q scores. This distinction between the intrinsic error of the sequencing instrument and the error rate at high Q scores is particularly important because mutation callers rely on Q scores to filter out false-positive mutations. Thus, treating the impact of damage as if it were part of the overall sequencing error rate underestimates the effect of damage.
As part of our analysis, we required a metric to correctly estimate the percentage of false-positive variants relative to the total number of variants. This metric, which we termed the rate of false positives, is described in the supplementary materials of Chen et al. and does not require knowing the false and true negatives. Its name, however, seems to have caused confusion, and in hindsight a different name could have been chosen.
Finally, the purpose of the GIV score is to provide an estimate of the fraction of raw read variants that are derived from damage. As exemplified by the ICGC, such measures can be used to flag samples of poor quality for improved downstream analysis. Our study does not call into question previous studies that used data from TCGA, as stated by Stewart et al. Instead, we agree with Stewart et al. that DNA damage can affect sequencing accuracy and downstream analysis. Undoubtedly, TCGA and similar public databases are valuable resources, and we hope that this dialogue increases the awareness of possible sources of error and mitigation strategies. 
